[1] We present an almost 3 year long time series of shell fluxes and oxygen isotopes of left-coiling Neogloboquadrina pachyderma and Turborotalita quinqueloba from sediment traps moored in the deep central Irminger Sea. We determined their response to the seasonal change from a deeply mixed water column with occasional deep convection in winter to a thermally stratified water column with a surface mixed layer (SML) of around 50 m in summer. Both species display very low fluxes during winter with a remnant summer population holding out until replaced by a vital population that seeds the subsequent blooms. This annual population overturning is marked by a 0.7‰ increase in d
Introduction
[2] The oxygen isotope signature of planktonic foraminifera has long been successfully applied to reconstruct past continental ice volumes and sea surface conditions from sediment cores [e.g., Shackleton, 1967] . In-depth knowledge on when and at what depth planktonic foraminifera register the oxygen isotope signature of the ambient water is not only a prerequisite for paleoceanographic inferences, but may additionally carry reconstructions beyond conventional estimates of mean conditions toward addressing past upper ocean seasonal variability. Given depth habitat differences between species, their interspecies Dd 18 O can be used to trace past stratification of the upper ocean [Mulitza et al., 1997; Rashid and Boyle, 2007; Simstich et al., 2003] . Seasonal differences in growing periods may however result in similar sedimentary Dd 18 O and bias paleoceanographic inferences of stratification [e.g., Conan and Brummer, 2000; Deuser and Ross, 1989; Hillaire-Marcel and de Vernal, 2008] . It is therefore essential to constrain both the vertical and seasonal distribution of planktonic foraminifera whose oxygen isotope composition is used to infer past ocean dynamics.
[3] Here we report on an almost 3 year long record of intercepted sediment fluxes from the central Irminger Sea. We concentrate on Neogloboquadrina pachyderma (the sinistral coiled species as opposed to the dextral N. incompta) and Turborotalita quinqueloba as together they account for over half of the total planktonic foraminiferal shell flux during the main export season. Both species are found abundantly in the sedimentary record [e. Pflaumann et al., 1996; Schröder-Ritzrau et al., 2001] and often used to infer past oceanography [e. g., Aksu et al., 2002; Castañeda et al., 2004; Kahn et al., 1981; Nørgaard-Pedersen et al., 2007; van Kreveld et al., 2000] . Additionally, the species oxygen isotopic difference has been proposed as an indicator of thermal stratification [Simstich et al., 2003] and our data set allows for evaluating this proposed method in the North Atlantic. The left coiling (morpho)species N. pachyderma [Cifelli, 1973; Darling et al., 2006 ] is a (sub)polar species that dominates in cold areas, where it constitutes almost 100% of the total foraminiferal fauna found in sediments [Bé and Tolderlund, 1971; Schröder-Ritzrau et al., 2001] . The species thrives at temperatures below 10°C [Bé and Tolderlund, 1971; Tolderlund and Bé, 1971] . Individuals are found throughout the upper water column, generally most abundantly in the upper 50 to 100 m, but most calcification is reported to occur at depths ranging from 100 to 200 m [Bauch et al., 1997; Simstich et al., 2003; Stangeew, 2001; Volkmann and Mensch, 2001] .
[4] The other species of interest, T. quinqueloba, is generally found in warmer waters than N. pachyderma [Bé and Tolderlund, 1971 ], yet may dominate at high northern latitudes [Stangeew, 2001] . In the Nordic Seas it is associated with the western side (cold) of the Arctic front [Schröder-Ritzrau et al., 2001] . According to Hemleben et al. [1989] the species is symbiont bearing and due to the symbionts' dependence on light for photosynthesis it is considered a (near-) surface dweller [Bé and Tolderlund, 1971; Simstich et al., 2003] . High abundances at greater depth [Schiebel and Hemleben, 2000; Stangeew, 2001] may be introduced by the low sinking speed of its small, thin-walled test [Schiebel and Hemleben, 2000] . Since T. quinqueloba undergoes little secondary calcification at depth, its isotopic signal is thought to reflect conditions near the surface [Simstich et al., 2003] . Based on depth habitat differences between N. pachyderma and T. quinqueloba Simstich et al. [2003] proposed that their Dd 18 O reflects thermal stratification of the upper water column. We document the flux and oxygen isotope patterns of N. pachyderma and T. quinqueloba in relation to seasonal hydrographic changes, assess their isotopic offset from equilibrium d
18 O and propose a new mechanism based on interspecies Dd 18 O to infer past stratification and seasonality.
Regional Hydrography
[5] The surface water masses in the central Irminger Sea east of the southern tip of Greenland (Figure 1 ) are characterized by the relatively warm and saline waters of the cyclonic Irminger Gyre that surround colder waters in the center of the basin. The cold and fresh waters of the East Greenland Current are confined to a narrow zone along the Greenland continental slope. At intermediate depths (∼500-2000 m) Labrador Sea Water is present [Falina et al., 2007; Yashayaev et al., 2007] .
[6] During the annual cycle sea surface salinity varies from 34.92 PSU in winter to 34.65 PSU in summer; with the slight decrease mainly due to increased net precipitation and some meltwater input. Sea surface temperature varies from ∼10°C in summer to ∼5°C in winter, whereas temperatures at 200 to 250 m depth (and deeper) remain relatively constant at approximately 5°C (Figures 2a and 2b) . Consequently the upper water column exhibits strong temperature stratification in summer. Multiple CTD casts during late summer and early autumn, i.e., during and just after maximum stratification, show a wind-driven surface mixed layer (SML) that is about 50 m deep (Figure 2c ). Highest fluorescence levels (0.45 to 1.0 mg m −3 ) are observed within the SML. The water column is cold and virtually homogenous (down to nearly 1000 m depth) during the winter season. This lack of stratification during the winter season is one of the main preconditions for deep convection, which occurs incidentally when atmospheric and oceanic conditions allow [Bacon et al., 2003; Pickart et al., 2003; Vage et al., 2009] . The Irminger Sea is thus characterized by pronounced (∼5°C) seasonal changes in sea surface temperature (SST) and low sea surface salinity (SSS) variability (Figure 2a ), allowing to determine the effects of seasonal changes in thermal stratification on foraminiferal fluxes and isotope signatures.
Material and Methods
[7] Export fluxes were intercepted for nearly 3 years using moored time series sediment traps at ∼2750 m water depth (250 m above the seafloor) in the central Irminger Sea (Table 1) on the WOCE A1/AR7E section. Collecting cups were rotated every 19 days during the first year and every 16 days during the last two. Tilt of the traps on the mooring line was monitored every eight minutes and was on average less than 2°(s < 0.7) with occasional short intervals of up to 6°. Mean [Nansen, 1912] . Black lines indicate warm surface currents, North Atlantic Current (NAC), Irminger Current (IC), and North Iceland Irminger Current (NIC), and the Irminger Gyre. The gray line depicts the cold East Greenland Current (EGC). Moorings (IRM-1, 3, and 4) are indicated by dots.
[8] Prior to deployment the trap bottles were filled with ambient seawater, poisoned with HgCl 2 (1.9 g L −1 ) and pH buffered with Borax (Na 2 B 4 O 7 ·10H 2 O, 1.9 g L −1 ). Upon recovery samples were stored at 4°C. Before sample processing the supernatant was sampled for dissolved Si analysis to enable correction for the dissolution of the particulate biogenic silica [Bauerfeind and von Bodungen, 2006; Koning et al., 1997] . Swimmers larger than 1 mm were removed prior to splitting of the samples. One half of the samples was analyzed for total mass flux, total and organic carbon, carbonate, nitrogen and biogenic silica (BSi) content. Carbon and nitrogen were separately analyzed on weighed aliquots of the bulk material before and after removal of the carbonate carbon [Bonnin et al., 2002] , using a Carlo Erba Instruments Flash 1112 elemental analyzer. Biogenic silica was determined by continuous alkaline leaching that accounts for contributions by coleaching of Al silicates [Koning et al., 2002] .
[9] For foraminifera analysis the other half of the samples was washed using Milli-Q water over 150 and 250 mm sieves and dried at 45°C. All shells were picked from the 150 to 250 mm fraction as this is the size range normally used in paleoceanographic studies. Approximately 200 individuals (if present) were counted to determine the flux of N. pachyderma and T. quinqueloba and a rest group containing all other taxa. Stable isotopes were measured with a Finnigan MAT 253 mass spectrometer with an automated Carbo-Kiel IV preparation line. To ensure that representative samples were taken from the entire population and to assess intra population spread, six aliquots of every sample consisting of four shells were measured. Due to low shell numbers in the winter samples it was not always possible to perform multiple measurements on the same sample, yielding these observations less representative of the foraminiferal population. nasa.gov). Sea surface salinity data from CTD casts was complemented by data gathered from a wider area around the site (61.5°N-57.5°N, 37.5°W-41.5°W) for the entire deployment period from the Global Temperature-Salinity Profile Program [Operational Oceanography Group, 2006] . Given the spatial and temporal scarcity of surface salinity data, an average sea surface salinity curve was composed ( Figure 2a ) and used throughout this study. Salinity variability at 200 m depth is only 0.12 PSU, of which about half is caused by a short period of increased salinity and temperature in summer 2004 earlier, respectively, to compensate for production and settling time of the shells. Both settling times are on the high end of the velocity ranges of Von Gyldenfeldt et al. [2000] . This is to account for the difference between sieve and true diameter sizes, as the sieve fraction tends to be coarser and thus to settle faster. These time lags are in the same range as the temporal offset between the SST and shell d 
Results

Seasonal Fluxes
[12] Total mass fluxes intercepted at 2750 m depth vary from about 7 to 103 mg m −2 d −1 and are generally lowest in winter to early spring when the water column is mixed to great depths and highest during summer when maximum (Figure 3b) . One pulse arrives in late spring from May to June and the second in autumn, from September to November-December (Figure 3b) . The spring peak in the foraminifera flux is formed almost entirely by N. pachyderma and its start is concurrent with the onset of the spring bloom as evidenced by an increased BSi flux (Figures 3c and 4) . Shell fluxes of N. pachyderma remain rather low during summer, but peak again in early autumn, when stratification is at its maximum (Figures 3c and 4c) . By contrast, the flux of T. quinqueloba shows only one broad pulse that starts to develop in spring approximately 2 to 3 weeks after N. pachyderma (Figure 4) . Its maximum is reached in late September around SST maximum and lasts longer than that of N. pachyderma into December (Figure 4) .
[14] The seasonal succession of settling particles can be categorized in five intergrading phases (Figure 4 ) of which the exact timings will differ somewhat from year to year.
[15] 1. In November-March, there is no stratification and almost zero or background fluxes of all biogenic particles. Deep convection occasionally takes place during this period [Bacon et al., 2003; Pickart et al., 2003; Vage et al., 2009] , but shell fluxes contribute very little to the total annual flux.
[16] 2. In April-mid-May, the deep winter mixed layer starts to disappear and some stratification develops; occasionally the flux of N. pachyderma increases to a maximum of around 200 shells m −2 d −1 in mid-May. The BSi flux increases simultaneously with that of N. pachyderma.
[17] 3. In mid-May-July, the SST rises, reflecting that stratification starts to increase rapidly. The shell flux of N. pachyderma decreases to <40 shells m −2 d −1 , while those of other species, including T. quinqueloba, start to increase.
[18] 4. In July-mid-September, the stratification reaches its maximum after the maximum insolation, just before the storm season starts. The flux of T. quinqueloba reaches its maximum at ∼900 shells m −2 d −1 and N. pachyderma develops a second maximum around 300 shells m −2 d −1 . Both species peak around SST maximum when stratification [19] 5. In mid-September-October, surface cooling weakens stratification until the upper water column is mixed at the end of October. All shell fluxes fall to background levels, but that of T. quinqueloba is sustained longest.
Oxygen Isotopes
[20] The temporal patterns of oxygen isotope values are very similar in both species (Figures 5, 6 , and 7). Both show a seasonal amplitude of ∼2‰ with highest values in early spring and lowest in autumn and winter (Figure 5a ). Both species exhibit an increase of over 0.7‰ from winter, when export production almost ceased (phase 1), to spring when production is resumed during phase 2 (Figures 5a and 6 ). Oxygen isotopes of N. pachyderma vary between 0.9‰ and 2.6‰, i.e., with an amplitude comparable to that of surface d
18 O eq (Figure 5a) . Highest values occur when production starts in spring when SST is still low; a minimum is present around SST maximum during the start of autumn. Low isotope values are recorded again in late autumn/winter (Figure 5a ), but since only very few shells could be measured for these low fluxes d
18 O values are less accurate than for the preceding phases. The oxygen isotope values for T. quinqueloba vary over a wider range, between 1.4‰ and 3.8‰. In 35 out of 37 cases they are higher than in N. pachyderma (Figure 5a ). The seasonal pattern is similar to that of N. pachyderma (r 2 = 0.7, n = 45, P < 0.001; and 0.9, n = 25, P < 0.001 during the growing season; Figure 7 ), resulting in a relatively stable Dd 18 O of 0.7‰ ± 0.2‰ (Figure 6c ) that is independent of SST and stratification 18 O shows a shift to lower values during late autumn/winter cooling. The spread within one sample is also considerably larger for T. quinqueloba (0.20‰ versus 0.07‰), probably due to the low shell mass with low gas yields that enhance the scatter in the measurements.
[21] The N. pachyderma d 18 O is lighter than surface d
18 O eq when fluxes are low during phase 1 ( Figure 6 ). As fluxes increase during spring bloom in phase 2, the offset from surface equilibrium disappears. Oxygen isotope values become progressively higher than surface equilibrium during phases 2 to 4 and remain relatively constant, crossing the surface equilibrium line, during phase 5 (Figure 6b) . Values for T. quinqueloba are consistently larger than surface d
18 O eq when export production is above background during phases 2 to 5 and even larger than d 
Discussion
[22] Time series shell fluxes show distinctly different patterns for N. pachyderma and T. quinqueloba. The flux of N. pachyderma starts earliest in the season and shows a bimodal pattern with one pulse in May and a second in early September. The flux of T. quinqueloba, on the other hand, starts later during the year, is clearly unimodal and reaches a maximum in September. Given their coherent temporal patterns and large amplitudes, the oxygen isotopes of both species closely trace a (near) surface signal rather than one at greater depth. The flux data thus suggest that differences in temporal habitat are more important in determining the sedimentary oxygen isotope signal than differences in the depth habitat of both species [cf. Rashid and Boyle, 2007; Simstich et al., 2003] . In this section we will analyze the observed flux patterns and constrain the depth at which both species record temperature to propose a new way to infer past stratification differences.
Annual Flux Patterns
[23] All particle fluxes are lowest during winter and highest during summer (Figures 3 and 4) . The shell flux patterns show a temporal structure different from seasonal SST, suggesting that they are not directly related. Moreover, elsewhere both species also thrive at lower temperatures than those reached in winter in the Irminger Sea when fluxes are virtually zero [Bé and Tolderlund, 1971] . Deep winter mixing [Pickart et al., 2003; Vage et al., 2009] and low insolation apparently limit primary production and ultimately cause the shell fluxes to be near zero in winter. Shell fluxes show two peaks during the year. The first peak occurs when the deep winter mixed layers starts to erode due to intermittent (re)stratification. The second peak arrives around the SST maximum when the upper water column is fully stratified. We therefore conclude that in the Irminger Sea not absolute temperature, but rather temperature differences, i.e., stratification and other factors such as light and food availability, control export shell fluxes.
[24] The rise in BSi flux during phase 2 marks the start of the spring bloom (Figure 4b ), which is also evident from the increasing N and C org fluxes (Figure 3d) . Its timing agrees well with enhanced surface chlorophyll concentrations recorded by spaceborne sensors [Henson et al., 2006; Siegel et al., 2002] . The BSi flux appears to reach a broad maximum between the shell flux maxima of N. pachyderma and T. quinqueloba (Figure 4b) . The flux of BSi, considered to reflect diatom export from the surface layer, reached values above background only when insolation exceeded a threshold (∼275 W m −2 at the top of the atmosphere) during phases 2, 3 and 4. Together with BSi the flux of N. pachyderma starts to increase during the spring bloom (phase 2). With the onset of stable surface stratification, when SST increases rapidly (phase 3), the export flux of N. pachyderma decreases again (Figures 4b and 4c) . The second flux pulse during phases 4 and 5 starts after BSi fluxes reached their maxima and peaks around SST maximum. The export flux of N. pachyderma is not directly related to permanent stratification, as it starts earlier and because its temporal pattern is bimodal. Such bimodality of the N. pachyderma flux might be caused by competition by other species in June and July (Figure 3c ) that is overcome when growth conditions are optimal and all species fluxes peak at maximum SST and stratification. A double pulse in the flux of N. pachyderma (Figure 4c ) is consistent with findings by Tolderlund and Bé [1971] in the North Atlantic, but was not found in the colder Arctic and Nordic Seas that are characterized by a single broad production period in summer [Bauch et al., 1997; Simstich et al., 2003; Volkmann and Mensch, 2001] . The relative contribution of the two seasonal pulses to the annual flux appears to be approximately equal (spring/autumn = 0.9), suggesting that the high N. pachyderma flux in July 2007 would be proportional to the following autumn pulse (Figure 3c) .
[25] There is pronounced interannual variability in the N. pachyderma fluxes during phases 4 and 5 (Figure 4c) . Using a Student's t test we evaluated whether the monthly shell fluxes during the minimum around the transition from phase 3 to phase 4 were significantly different from those during the months surrounding it. With a confidence level of alpha = 10% it is yet impossible to conclude that there is a significant difference in the mean of the monthly fluxes from April to September. However, such statistics are confounded by (1) the interannual differences in timing of the flux pulses, (2) the fact that the data represent intervals that spread beyond the month boundaries, and (3) the unequal temporal spacing of the data over the 3 year long record. Therefore, we stress the importance of the observation of a double pulse and the associated minimum in the annual flux of N. pachyderma. Although the present time series is too short to provide a statistically robust basis, we observe that bimodality characterizes the annual flux pattern of N. pachyderma in the Irminger Sea in our record. Such a bimodal flux agrees with temporal abundance data of the species in the North Atlantic [Tolderlund and Bé, 1971] . Finally and importantly, the statistics should not distract from the fact that the N. pachyderma export flux clearly starts earlier in the year than that of T. quinqueloba.
[26] The unimodal flux pattern of T. quinqueloba (Figure 4d ) suggests that this species is more uniformly driven by seasonal variations in stratification than N. pachyderma. Repeated plankton tows further south in the North Atlantic [Tolderlund and Bé, 1971 ] revealed a bimodal abundance pattern for T. quinqueloba whereas a unimodal flux pattern is a common feature at higher-latitude localities [Schröder-Ritzrau et al., 2001; Simstich et al., 2003] . The unimodal flux pattern of T. quinqueloba suggests that the species is in the colder part of its temperature range in the Irminger Sea. The observation that the flux of T. quinqueloba is sustained further into the cold season than N. pachyderma (Figure 4d , phase 5) might be due to the presence of symbionts [Hemleben et al., 1989 ] that would allow T. quinqueloba to persist when food availability declines.
[27] Seasonal differences in shell fluxes cause the fluxweighted d
18 O of both species to represent temperature during different times of the year. Thus N. pachyderma reflects an average of near minimum and maximum temperature, whereas T. quinqueloba dominantly reflects the latter. The similarity in the amplitude and pattern of d 18 O of both species N. pachyderma and T. quinqueloba can only be explained by variations in the upper ocean and not by temperature changes at greater depths. Therefore, the seasonal shell flux variability and not interspecies depth habitat differences, dominantly determines the sedimentary Dd 18 O signal.
Shell d
18 O: Temperature at What Depth?
[28] Since annual surface salinity variability is small compared to temperature changes, shell d 18 O will dominantly register temperature. The hydrographic data allow us to derive the depth at which the shell d
18
O reflects temperature. This depth is not necessarily equal to the depth habitat of the species involved as the foraminifera migrate through the upper water column while they build their skeleton [e. g., Hemleben et al., 1989; Lončarić et al., 2006; Peeters et al., 2002] 18 O eq pattern and our depth estimates will not critically depend on the relationship used.
[29] The upper water column is well mixed during phase 2 and equilibrium d
18 O values are therefore effectively equal at all depths. This period thus allows for the determination of any species specific offset from d 18 O eq . When the water column is stratified (phases 3 to 5) the isotopic offset from surface equilibrium increases, indicating that N. pachyderma traces temperature below the developing surface mixed layer. For a constant zero offset from d
18 O eq , the depth at which N. pachyderma d 18 O reflects temperature can be constrained with the CTD profiles to just below the isothermal surface mixed layer at approximately 50 m depth in summer (Figure 8 ). This is shallower than the 100-150 m calcification range reported previously [e.g., Kozdon et al., 2009; Peck et al., 2008; Simstich et al., 2003] and in apparent contradiction with abundance and isotope data from plankton tows in the North Atlantic Ocean and Nordic Seas conducted in July and August [Bauch et al., 1997; Stangeew, 2001; Volkmann and Mensch, 2001] . These contrasting observations can however be reconciled when N. pachyderma incorporates a significant part of its d 18 O eq of the preceding SST maximum, particularly when considering the poorly constrained error on the single aliquot measurements. Therefore, we attribute these low isotopic values to a noncalcifying late summer population survives into the winter, rather than advection of shells from much warmer and/or fresher water. The subsequent step of 0.7‰ in d
18 O observed for both species during phase 1 (Figure 6 ) marks the turnover from a dormant noncalcifying population to a vital calcifying population that seeds the subsequent blooming. Since export fluxes outside the bloom period amount to only a few percent of the total annual flux, these low d accurately and dominantly reflects seawater temperature at the base of the surface mixed layer with a flux-weighted mean offset from surface d
18 O eq of around +0.3‰ (Figure 9 ) equivalent to about −1.3°C.
[30] Oxygen isotope values of T. quinqueloba seem to reflect very low temperatures at face value, hence suggesting a much deeper habitat compared to N. pachyderma (Figures 3c and 6b) . However, the expected isotope temperatures as calculated from the Kim and O'Neil [1997] equation would drop well below the observed 2.5°C at trap depth (2750 m). Furthermore, the amplitude in d
18 O indicates that T. quinqueloba experienced a seasonal temperature cycle that matches that of SST at the site as well as that of N. pachyderma from the same samples. Since the annual temperature amplitude at the site decreases with depth, the d 18 O of T. quinqueloba must reflect temperature at, or close to, the sea surface. This strongly provides evidence for an offset from equilibrium calcification, with a flux-weighted modal value of +0.85‰ with respect to surface d
18 O eq ( Figure 9 ). Period 2 offers again the possibility to deduce the offset from d
18 O eq directly, since the water column is then completely mixed. Indeed, T. quinqueloba shows a +0.7‰ offset from d
18 O eq , which is consistent with the +0.85‰ offset from surface d
18 O eq ( Figure 6 ). The high correlation between the d 18 O of N. pachyderma and T. quinqueloba and the close to 1 slope of the regression line indicates that both species record temperature at approximately the same depth near the surface (Figure 7) . We therefore conclude that in the Irminger Sea the d 18 O of T. quinqueloba reflects temperature at a similar near surface depth as N. pachyderma. However, in contrast to in the Nordic Seas, it does so with a significant positive offset from equilibrium [Simstich et al., 2003] N. pachyderma [e.g., Castañeda et al., 2004; Simstich et al., 2003; Stangeew, 2001] . To account for the observed Dd 18 O, the local hydrography (Figures 1 and 2) (Figures 6  and 7 ). An alternative explanation for the contrasting Dd 18 O could be a difference in the species specific offset from equilibrium calcification between the Irminger Sea and the Nordic Seas [Simstich et al., 2003] . Clearly, such a variable isotopic offset and interspecies contrast require further study as they may seriously affect reconstructions of past oceanographic change.
Seasonal Paleoceanography
[32] Since fluxes are nearly zero during the winter season when the water column is mixed to great depths, wintertime phenomena will not be directly reflected in the sedimentary record. Consequently, it is difficult to infer the past occurrence of deep convection in the Irminger Sea from planktonic foraminiferal proxies. Spring to autumn conditions, on the other hand, will dominate the sedimentary d 18 O signal, enabling inference of seasonal stratification changes. Simstich et al. [2003] proposed the use of the isotopic difference between N. pachyderma and T. quinqueloba as an indicator of stratification. They argued that in the Nordic Seas N. pachyderma records temperature deeper in the water column than T. quinqueloba and that therefore the interspecies Dd 18 O could be used to infer thermal stratification from sediment records. In the Irminger Sea however, the species seem to reflect temperature at the same depth, offering an alternative approach to infer past stratification that is based on flux timings rather than differences in depth habitat. Evidently, all such approaches depend critically on the assumption of a constant species specific offset from equilibrium calcification. This assumption may not always hold as our data suggest that regional differences in isotopic offsets occur.
[33] The data presented here offer two potential ways to assess past seasonal near surface temperature variability from sedimentary records. The first way is to use the bulk isotopic contrast between T. quinqueloba and N. pachyderma. Since the export flux of T. quinqueloba is concentrated in summer, its sedimentary d 18 O dominantly represents temperature maxima. The export flux of N. pachyderma however extends from early spring to late summer and the species d 18 O consequently reflects a weighted average of near minimum and maximum temperatures (Figure 10) . Their isotopic difference thus reflects the seasonal thermal contrast at the base of the surface mixed layer and consequently an indicator for stratification. Smaller Dd 18 O values indicate decreased seasonality and vice versa. This approach requires that N. pachyderma records early spring and late summer temperatures, thus either a bimodal flux or a single broad production period through the year. Both are probably not the case when N. pachyderma dominates the sedimentary record, such as in colder conditions at higher latitudes where it only displays a narrow unimodal flux in late summer. Care should thus be taken when interpreting Dd 18 O changes across large temperature shifts. To derive an equation that links sedimentary Dd 18 O quantitatively to seasonal SST contrast, similar time series of shell fluxes across an SST gradient are required. Such studies may also reveal the mechanism causing the unimodal and bimodal flux patterns of planktonic foraminifera.
[34] As a second approach a bimodal flux pattern such as shown by N. pachyderma could be more optimally used for seasonal paleoceanography when individual shell isotope variability is considered. Potentially the two production periods during the year will result in a bimodal d
18 O frequency histogram, allowing direct inference of both maximum and near minimum temperature and consequently a conservative estimate of seasonality. Such a single specimen approach clearly offers great potential for the reconstruction of seasonal temperature and stratification variability.
Conclusions
[35] Multiyear time series of intercepted particle fluxes in the central Irminger Sea reveal the following.
[36] 1. Total mass and especially shell fluxes of N. pachyderma and T. quinqueloba are not primarily controlled by absolute seas surface temperatures, but rather by other factors such as seasonal stratification of the upper water column, insolation and food availability.
[37] 2. Production of N. pachyderma starts earliest in the season and shows one pulse in spring and a second around maximum stratification in late summer. The production of T. quinqueloba follows later during the season with a single peak around maximum stratification. It is continued longer during autumn/winter cooling.
[38] 3. The low fluxes during winter preclude the registration of wintertime phenomena such as deep convection, in sediments.
[39] 4. A dormant noncalcifying summer population of N. pachyderma and T. quinqueloba remains present in the water column during autumn and winter cooling. This population is replaced upon restratification of the water column during spring when shell fluxes rise.
[40] 5. The oxygen isotope signal of N. pachyderma reflects temperature at around 50 m, just below the base of the surface mixed layer when stratification is at its maximum. Oxygen isotope values of T. quinqueloba reflect temperature at the same depth but show a flux-weighted mean offset of about +0.7‰ with respect to equilibrium calcification.
[41] 6. Based on previous findings reported in literature, there are indications that the offset from equilibrium calcification of both species may vary regionally. This likely complicates paleoceanographic reconstructions based on the d 18 O of either N. pachyderma or T. quinqueloba or on their Dd 18 O. [42] 7. In the Irminger Sea both species record temperature around the same depth but during different periods of the year, the sedimentary isotopic contrast between N. pachyderma and T. quinqueloba may serve as an indicator of (changes in) past seasonality. 18 O N. pachyderma and interspecies offset corrected T. quinqueloba compared to the temperature distribution of surface waters. Temperatures were calculated according to Kim and O'Neil [1997] 
